A strong mutator effect has been observed in Escherichia coli K-12 strains mutated in the bglY gene (27 min). The frequency of point mutations is not modified in bglY mutant strains. In contrast, a strong increase in spontaneous generation of large deletions has been observed in these strains, both for chromosomal markers (10-fold increase of galETKchU deletions and 100-fold increase ofptsl-cysK deletions) and for plasmid DNA (100-fold increase of large deletions in the region located upstream of the chloramphenicol-resistance gene in plasmid pGR71). bgIY mutations are recessive and can be complemented by a DNA fragment of 900 base pairs assumed to contain the entire bglY wild-type gene. This mutator effect is recA-independent.
deletions extending from chiA to the closely located galETK operon. Aliquots of exponential cultures were plated onto McConkey medium containing sodium chlorate (0.2%) and galactose (0.2%). The plates were incubated 24 hr anaerobically and 6-10 hr aerobically. In these conditions, chiA mutants (chlorate resistant) appeared as red colonies, and chlA-galETK double mutants appeared as white colonies. To investigate whether these double mutants resulted from a large deletion or from two independent point mutations, the absence of the pgl gene (located between chiA and galETK) can be easily verified: when grown on LB plates containing maltose (0.2%), pgl mutant clones have the property to turn blue after treatment with iodine (9) .
The sequence of nucleotides within a gene can be mutationally altered by base-pair substitutions, frame-shift mutations, insertions of transposable elements, and inversions or deletions of large DNA fragments. Mutation rates are genetically controlled, and mutations that lead to appreciable alteration in the rate of mutations of other genes are known as mutator and antimutator mutations. All of the mutator mutations so far described in Escherichia coli increase the frequency of point mutations (base-pair substitutions and frame-shift mutations). Thermosensitive mutations in dnaE cause erratic functioning of DNA polymerase III (dnaE gene product), which includes incorrect nucleotides (1) . Mutations in dnaQ (mutD) decrease the proofreading activity of the DNA polymerase III holoenzyme (2) , and mutations in mutH, mutL, mutS, and mutU affect the methyl-directed postreplicative mismatch correction (for review, see ref.
3).
We have described (4) a method to produce large deletions at 27 min on the E. coli chromosome. In the present communication, we report that some of these mutant strains exhibit a strong mutator phenotype that can be related to a vastly increased frequency of spontaneous deletions. Genetic analysis of the mutants indicates that the absence of the bglY gene is responsible for this effect.
MATERIALS AND METHODS
Bacterial Strains. The bacteria used in this work were all derivatives of E. coli K-12. Their source and characteristics are listed in Table 1 .
Genetic Methods. Phage P1 vir was used for transductions carried out by the procedure described by Miller (5) . Plasmid DNA was prepared by the method of Birnboim and Doly (6) and was introduced by transformation in E. coli strains following the method of Mandel and Higa (7).
Measure of Spontaneous Deletion in the galETK-chLA Region. A positive selection for chiA mutants has been described (8) . This method was adapted for direct detection of RESULTS Mutator Effect of a Deletion in the bglY-galU Region. We have recently described a positive selection for deletions of various extent in the bglY-galU region (27 min) of the E. coli K-12 chromosome. This method allowed us to detect three new genes involved in resistance to kanamycin (irk), to serine (drs), and to chloramphenicol (drc) (4) . In addition to these genes, the deletions could remove the flanking loci bgl Y and galU ( Fig. 1) .
TP504, a strain carrying a large deletion extending from drc to bglY (Fig. 1 ) was plated onto McConkey medium containing maltose (1%) as the carbon source. After a 15-hr incubation at 370C, white clones appeared at high frequency (10-3 to 5 x 10-4). This unexpectedly high frequency of Malclones was not observed with wild-type strains. To confirm this apparent mutator effect, fosfomycin-resistant clones were selected in strain TP504 and in strain TP500 (the isogenic wild-type strain). Fosfomycin resistance can be explained by alterations in the transport systems of the antibiotic (glycerol phosphate or hexose phosphate transport systems) or in the synthesis of cAMP, which is required for its uptake (10) . Resistant clones were obtained at much higher frequency for strain TP504 (10-5 to 5 x 10-6) than for strain TP500 (10-7 to 10-8) on LB medium containing 30 ,ug of fosfomycin per ml.
To establish whether the mutation responsible for this mutator phenotype was the deletion itself or a secondary mutation located elsewhere in the chromosome of strain TP504, the deletion was transferred to the wild-type strain ELI2. TP504 contains the zchSO6::TnIO insertion, which is cotransductible at 95% with the deletion (4) . ELI2 was infected with a P1 lysate prepared on strain TP504, and tetracycline-resistant clones were then selected and screened for the markers covered by the deletion. Three deleted transductants were tested and showed the same mutator phenotype as strain TP504, indicating that the deletion was responsible for this effect.
Mutator Effect Results from bglY Mutations. Several strains carrying a deletion in the bglY-galU region were tested for their mutator character. Only those deletions extending into bglY (strains TP501, TP504, and TP506; see Fig. 1 ) could be 360
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (located at 83 min) is cryptic and can be activated by mutation either in its promoter region or in bglY (11, 12) . A search for Bgl+ mutants of strain TP2101, by direct selection on minimal medium with salicin as the sole carbon source, yielded many ,8-glucosides fermenting clones. Twelve Bgl+ mutants were purified and scored for the linkage of their bgl mutation to zchSO6::TnJO (cotransductible at 95% with bglY). Only one (TP2600) lost its Bgl+ phenotype after transduction with P1 phage propagated on a wild-type strain containing zch5O6:: TnIO and selection of tetracycline resistance. Therefore, the Bgl+ phenotype of TP2600 was attributed to a bglY mutation. The remaining 11 Bgl+ clones, which did not have mutations mapping near zchSO6: :TnJO, were presumably mutated in the bglCBS operon. All 12 Bgl clones were tested for their mutator phenotype: only TP2600 was able to generate fosfomycin-resistant clones at high frequency. This result substantiates the relationships between bglY mutation and the mutator effect.
Furthermore, fragments of the E. coli chromosome able to complement the drc, drs, irk, and bglY mutations of the deleted strains depicted in Fig. 1 were cloned into pBR322. From one ofthese fragments, a SnaBI-EcoRI fragment of900 base pairs was isolated and subcloned into pBR322, generating plasmid pDIA500. In strain TP504, pDIA500 was able to complement the bglY mutation but not the drc, drs, and irk mutations. Therefore, the SnaBI-EcoRI fragment was assumed to contain the bglY wild-type gene. All of the recombinant clones obtained after introduction of pDIA500 into strain TP2600 showed a wild-type Bgl-phenotype (white colonies on McConkey medium with salicin as carbon source) and were unable to generate fosfomycin-resistant clones at high frequency. Therefore, the mutator effect could be attributed to the absence of the bgl Y gene product.
Analysis of the Mutator Effect. To examine whether bglY mutations promote spontaneous point mutations, aliquots of exponential cultures of strains TP2101 and TP2600 were plated onto LB medium containing streptomycin (100 ,g/ml) X. I or rifamycin (100 ,ug/ml). No difference was observed between the bglY and the bglY+ strains; resistant clones appeared at the same low frequency (Table 2) . Therefore, the bglY mutation seems unable to increase the frequency of point mutations (Table 2) .
On the other hand, the frequency of fosfomycin resistance is increased by 2 orders of magnitude in the bglY strain (see above). Some of these mutations have been explained by inactivation of genes involved in cAMP synthesis, like ptsI (10). This gene is located very close to the cysK gene (13) ; therefore, deletion of ptsl could also remove some or all of cysK. The frequency of Cys-clones among the fosfomycinresistant clones selected for TP2101 and for TP2600 were measured. In the two cases, 3-5% ofthe fosfomycin-resistant clones were Cys-. Therefore, the frequencies of large deletions covering ptsl and cysK were about the same among the fosfomycin-resistant clones obtained for the two strains. But, since the frequency of fosfomycin resistance is 100-fold higher in the bglY strain, it can be stated that the frequency of spontaneous mutations and the frequency of deletion formation increase in a parallel way in this latter strain ( Table  2) .
The generation of large deletions in the galETK-chlA region of the chromosome (17 min) was estimated for strains TP2101 and TP2600 as described in Materials and Methods. Approximately 10-fold more chIA mutant clones were obtained for TP2600 than for TP2101 (Table 2 ). This was also the case for gal-chiA double mutants (see Table 2 ). Ten gal-chIA derivatives of each strain were tested for the presence ofpgl, a gene located between galETK and chiA. Every double mutant was found to have lost the pgl gene, indicating that their Gal-ChlR (see the legend to Table 2 ) phenotype is a result of a large deletion and not of two independent mutations in galETK and chlA (Table 2) .
Spontaneous deletion of plasmidial DNA was also estimated in the mutant and in the wild-type strains. pGR71 is a plasmid conferring resistance to kanamycin and chloramphenicol (14) . In strains TP2101 and TP2600, pGR71 brings about resistance to chloramphenicol at a maximal concentration of 100 ,g/ml. Selection of clones resistant to higher concentrations was carried out by plating aliquots of exponential cultures on LB medium containing 150 ,ug of chloramphenicol per ml. Superresistant clones arose at a frequency of 10-6 for TP2101, whereas this frequency rose to 1O-4 for the bglY strain TP2600 ( Table 2) . The plasmids present in 12 derivatives of each strain were extracted and analyzed for their restriction pattern. Two types of plasmid were isolated from TP2101 derivatives: 10 gave the same restriction pattern as the wild-type plasmid, and 2 showed a large deletion in the region located upstream of the chloramphenicol-resistance gene. It can be assumed that the modification of the plasmid is, in the first case, a point mutation or a short deletion resulting in increased plasmid copy number and, in the second case, a deletion putting the chloramphenicol gene under control of a stronger promoter located upstream in the plasmid. Among 12 derivatives of TP2600, 12 gave a restriction pattern showing large deletions in the upstream region of the chloramphenicol-resistance gene. This result substantiates the increased frequency of spontaneous deletion formation in the bglY strain.
The recA mutation of strain TP2010 was introduced in strain TP2600 by cotransduction with srl::TnIO (selection for tetracycline-resistance and screening for UV sensitivity). The same high frequencies of fosfomycin-resistance mutations (10-5) were observed for the recA+ and the recA strains, indicating that the mutator effect was recA independent.
The Frequency of Deletion Is Not Increased in a topA Strain. Recently, Higgins and coworkers (12) have shown that the product of the bglYgene is involved in the regulation of DNA supercoiling, presumably acting like a relaxing enzyme. Therefore, bglY mutations increase the level of negative supercoiling, like mutations affecting the topA gene, which encodes topoisomerase I. To determine whether the increased deletion frequency is a result of modification of supercoiling, the plasmid pGR71 was introduced into T23, a strain carrying the well-characterized topA10 mutation (15) , and in T13, the isogenic wild-type strain. No significant difference in the frequencies of chloramphenicol-superresistant mutants (see above) was observed (10-6 for the two strains), indicating that the mutation rate was not increased in the topA strain.
DISCUSSION
The experiments presented above demonstrate that the absence of the bglY gene product results in a new mutator phenotype. The frequency of deletion of chromosomal markers and plasmidial DNA is strongly increased in bgl Y mutant strains, in contrast with the frequency of point mutations which does not appear to be modified. This mutator phenotype is not affected by the presence of a recA mutation.
The mutations in bglY so far isolated are pleiotropic, and three allelic loci have been described separately. Initially, strains carrying lesions in the bglY gene were selected for their capacity to metabolize 83-glucosides such as salicin and arbutin after activation of the bglCBS operon (11) . This activation could be explained by modification in DNA supercoiling at the corresponding promoter region (12) . Later, 
In each case, the maximal and minimal values are given; the number ofdeterminations is given in parentheses. The number of spontaneous mutant clones was estimated by plating aliquots of appropriate dilutions of late exponential cultures onto the following selective media: LB medium containing streptomycin at 100 ,g/ml (StrR); LB medium containing rifamycin at 100 /.g/ml (RifR); LB medium containing fosfomycin at 30 ,ug/ml (FosR); McConkey medium containing 0.2% sodium chlorate and 0.2% galactose incubated 24 hr anaerobically and 6-10 hr aerobically (ChIR as red colonies and gal-chl double mutants as white colonies); and LB medium containing chloramphenicol at 150 ,ug/ml (CmR). In this last case, the plasmid pGR71 was present in the strains (see text). The number of pts-cysK double mutants was estimated by screening the fosfomycin-resistant clones (see text); 200 clones at least were screened for each determination. The mutation frequency was then calculated by dividing the number of mutants by the viable cell count.
other mutations in bglY have been isolated as mutations affecting the frequency of phase variations of the pilA gene encoding the structural subunit of pili proteins (pilG mutations) (16) . The expression ofpilA can be switched in "ON" or "OFF" position by inversion of a 314-base-pair fragment containing the promoter region (17) . In bglY mutants, the frequency of this inversion was found to be so high that each mutant clone consisted ofapproximately equal populations of ON and OFF individuals (16) . Finally, Higgins and coworkers (12) have demonstrated a direct role for the bglY gene product in the determination of in vivo DNA supercoiling by isolating mutants (osmZ mutants) affected in the supercoiling-dependent induction of proU, a gene encoding a highaffinity transport system for the osmoprotective solute glycin betaine. Higgins and coworkers have also demonstrated the allelic character of bglY, pilG, and osmZ mutations (12) .
What could be the relationship between these effects and the mutator phenotype? First of all, we have to consider that the wild-type bglY gene has been cloned on a 0.9-kilobase (kb) DNA fragment (see above); the small size of this fragment does not support the hypothesis that the bglY gene product would be a multidomain protein. Second, in contrast with the mutator mutations so far described, the bglY mutations are not thermosensitive mutations in genes encoding proteins involved in DNA replication or in postreplicative proofreading; their mutator phenotype is a result of the absence of the bglY gene product. Third, it has been demonstrated that in vivo, deletions occur between directly repeated sequences of five or more base pairs (18) . This finding led Albertini et al. (18) to suggest that deletions result from DNA strand separation over a long distance, slippage of the two strains, and pairing of the short regions of identity followed by errors of DNA replication through these intermediates. The looping out of the two single strands needed by this process has to be considered in the light of DNA folding into the bacterial nucleoid. It seems obvious that the compaction and the fluidity of the genome are under control of several factors ensuring a relative cohesion of the tertiary structure of the DNA (for review, see ref. 19 ). One could assume that the bglY gene product would be one of these controlling factors. Its absence could lead to facilitated "looping out" of DNA single strands and therefore would increase the probability of pairing of short identical sequences located at different chromosome sites.
This hypothesis could also explain the observation of Spears et al. (16) that an inversion of a 314-base pair fragment in the promoter region of pilA is strongly enhanced in bglY (pilG) mutants. This inversion occurs between inverted repeats of 9 base pairs (17) , and pairing of these sequences could be facilitated by modification ofDNA compaction. The level of DNA supercoiling would also be drastically altered in the absence of one of the DNA compaction factors. Higgins et al. (12) 
